
Electrophysiological Changes Correlated with Temperature 
Increases Induced by High-Intensity Focused Ultrasound 
Ablation

Z. Wu*, R. E. Kumon*,&, J. I. Laughner†, I. R. Efimov†, and C. X. Deng*

*Department of Biomedical Engineering, University of Michigan, Ann Arbor, MI, USA

†Department of Biomedical Engineering, Washington University at Saint Louis, MO, USA

Abstract

To gain better understanding of the detailed mechanisms of high-intensity focused ultrasound 

(HIFU) ablation for cardiac arrhythmias, we investigated how the cellular electrophysiological 

(EP) changes were correlated with temperature increases and thermal dose (cumulative equivalent 

minutes [CEM43]) during HIFU application using Langendorff-perfused rabbit hearts. Employing 

voltage-sensitive dye di-4-ANEPPS, we measured the EP and temperature during HIFU using 

simultaneous optical mapping and infrared imaging. Both action potential amplitude (APA) and 

AP duration at 50% repolarization (APD50) decreased with temperature increases, and APD50 was 

more thermally sensitive than APA. EP and tissue changes were irreversible when HIFU-induced 

temperature increased above 52.3 ± 1.4 °C and log10(CEM43) above 2.16 ± 0.51 (n = 5), but were 

reversible when temperature was below 50.1 ± 0.8 °C and log10(CEM43) below −0.9 ± 0.3 (n = 9). 

EP and temperature/thermal dose changes were spatially correlated with HIFU induced tissue 

necrosis surrounded by a transition zone.
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Introduction

Cardiac arrhythmias are the irregular electrical activities during heart cycles. They greatly 

compromise the heart function and represent a major clinical problem affecting millions of 

patients (Kannel et al. 1987). Ablation therapy, including radiofrequency (RF), cryothermal, 

microwave, and laser ablation (Aktas et al. 2008; Dewire and Calkins 2010; Lall and 
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Damiano 2007; Scheinman and Morady 2001), has developed as an important treatment 

option. However, these ablation techniques require direct tissue contact and rely on thermal 

conduction, thus ablation depth is often limited and ablation volumes are not well-confined, 

leading to collateral damages (Lall and Damiano 2007) and unsuccessful outcomes 

(Nanthakumar et al. 2004).

High intensity focused ultrasound (HIFU) ablation uses concentrated ultrasound energy to 

generate rapid temperature increases and tissue modifications (e.g. protein denaturation and 

tissue coagulation) in a well-confined volume, without relying on heat conduction from 

tissue surface through intervening tissue. It provides a promising technology for cardiac 

ablation especially when intramural ablation is desired (Okumura et al. 2008). For example, 

HIFU has been used for atrio-ventricular node ablation (Strickberger et al. 1999) and 

pulmonary vein isolation (PVI) to treat paroxysmal atrial fibrillation (AF) in multicenter 

trials (Aktas et al. 2008; Ninet et al. 2005). One study reported that 85% of 103 patients 

treated with HIFU were free from AF at six-month follow-up (Aktas et al. 2008; Ninet et al. 

2005). However, recent clinical trials using a HIFU balloon system (Neven et al. 2010) 

showed ablation-related complications including atrial-esophageal fistula, pulmonary 

embolism, and phrenic nerve injury, and 28% of 32 patients showed electrical reconduction 

after initial PVI and underwent repeated procedures (Metzner et al. 2010). These results 

indicate the need to better understand the detailed effects of HIFU in cardiac ablation to 

improve the technology.

As in other HIFU thermal applications, in vitro studies have investigated the relationships 

between HIFU conditions (e.g. acoustic power and exposure time) and tissue status changes 

(Engel et al. 2006; Fujikura et al. 2006; Zimmer et al. 1995), while temperature and thermal 

dose were often used as feedbacks in HIFU ablation and prediction of lesion formation 

(Rivens et al. 2007). It has been found that when tissue temperature reaches 50 °C or higher 

for certain duration, tissue necrosis occurs and becomes non-conductive (Haines 1993). In 

particular, changes in the cellular conductivity and excitability are important in cardiac 

ablation and the electrophysiological (EP) changes need to be monitored and ultimately 

confirmed to ensure successful isolation/elimination of arrhythmic foci. However, detailed 

spatiotemporal EP changes and their correlations with HIFU induced temperature or thermal 

dose increases have not been specifically investigated previously.

As the fundamental functional units, myocytes and their couplings are able to generate an 

electrical transient, the action potential (AP), while the initiation (depolarization) and 

termination (repolarization) of APs as well as their propagations among myocytes can affect 

the electrical functions of the whole heart (Giridhar et al. 2012). A few features such as 

resting membrane potentials (RMPs), AP amplitude (APA), AP duration (APD), and etc. 

(Nath et al. 1993; Wood and Fuller 2002; Wu et al. 1999) are often used to characterize AP 

morphology and the functionalities of myocytes. Nath et al. first demonstrated the EP 

properties as well as cellular automaticity and excitability were temperature dependent in 

hyperthermia (Nath et al. 1993), providing useful information for the development of RF 

and microwave ablation techniques. Haines (Haines 1993) and Wu et al. (Wu et al. 1999) 

further illustrated that RF energy had a combined thermal and electronic effect on changing 

cellular EP. Wood et al. later demonstrated that RF can induce acute cellular EP changes 
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surrounding RF lesions which can recover completely (Wood and Fuller 2002). Recently, 

three potential effects in HIFU cardiac ablation were identified including thermal, radiation 

force, and cavitation, and the latter two factors can interfere with HIFU thermal effect and 

lead to unsuccessful ablation (Laughner et al. 2012b). As the predominant mechanism of 

HIFU ablation was assumed to be thermal (Khokhlova et al. 2013), it is of interest to 

investigate whether HIFU cardiac ablation induce similar EP changes as in RF ablation and 

how HIFU induced lesions are correlated with cellular EP changes. Such information has 

not been available before but can reveal the detailed characteristics and mechanisms of 

HIFU ablation of cardiac arrhythmias and possibly other thermal ablation therapies.

Previously, we have demonstrated the feasibility of fluorescence optical mapping (Deng et 

al. 2005) for measuring HIFU-induced cardiac EP changes using Langendorff-perfused 

intact rabbit heart preparations. In the current study, by combining optical mapping with 

infrared (IR) thermography, we obtained the first simultaneous measurements of EP changes 

and temperature increases as well as thermal dose during HIFU application to help reveal 

their detailed spatiotemporal correlation in HIFU cardiac ablation.

Methods

Isolated Heart Preparations

New Zealand white rabbits (n = 11, ~ 3 kg) were used in the study according to a protocol 

approved by the Committee on the Use and Care of Animals at University of Michigan 

(Protocol #: PRO00003842). The animals were anesthetized intramuscularly via ketamine 

(35 mg/kg) and xylazine (5 mg/kg), heparinized (1000 U/kg), and euthanized intravenously 

by injection of sodium pentobarbital (100 mg/kg). The heart was harvested after mid-

sternotomy, and rapidly washed with warmed Tyrode’s solution. As described before 

(Laughner et al. 2012b), the heart was immediately placed on a Langendorff apparatus and 

retrogradely perfused with oxygenated Tyrode’s solution (pH = 7.35 ± 0.05; 37 °C; 95% 

O2/5% CO2) via aorta at constant pressure (60 – 80 mmHg). Peripheral tissue was cleaned 

and the heart was superfused in Tyrode’s solution at 35 – 37 °C. Excitation-contraction 

decoupler, 2, 3-butanedione monoxime (BDM, 15 mM; Fisher Scientific) was administered 

to mechanically silence the heart beat motion that can introduce artifacts during imaging. 

The electrocardiogram was recorded with two needle electrodes and digitized (Powerlab 

26T, ADInstruments) while the aortic perfusion pressure was continuously monitored 

(BLPR2, World Precision Instruments) to ensure physiological stability of the heart 

preparation.

Experimental Setup with Simultaneous Optical Mapping and Infrared Imaging

As shown in Fig. 1, the heart preparation was placed in a custom-made holder with an 

acoustically transparent window (4.5 × 4.5 cm2) for ultrasound transmission from below. 

The heart was pinned to a silicone gel pad (Sylgard 184, Dow Corning) in the holder, which 

was controlled using a 3D positioning stage (EPS300, Newport) for precise (50 μm) spatial 

alignment.
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A concave single element HIFU transducer (2.0 MHz, H-148, Sonic Concepts) (focal length 

63.2 mm and F-number 0.95), driven by a signal generator (33250A, Agilent) and a 75W 

power amplifier (75A250, Amplifier Research), was used to generate HIFU exposures. The 

focal peak compressional/rarefactional pressures were measured to be pc = 7.0 – 8.7 MPa 

and pr = −4.4 – −5.2 MPa in water (in free field) using a custom fiber optic probe 

hydrophone (FOPH) system (Parsons et al. 2006) with 6 % uncertainty (type B). The 6-dB 

focal zone was determined to be 7.2 × 0.9 mm (Length × Width) for pc and 8.7 × 1.2 mm for 

pr when Isppa was at 846 W/cm2. The corresponding spatial-peak pulse-average intensities 

(Isppa) were calculated to be 846 – 1266 W/cm2 using the equation (Zhou et al. 2006)

(1)

where p(t) is the transient pressure value at time t; ρ0 and c0 are the density and speed of 

sound of the ambient water, respectively; t0 is the starting time of a full pressure waveform; 

nT is integer periods of pressure waveforms whereas t is the time. A power meter (PM-1, 

JJ&A Instruments) was inserted to monitor electrical power output and to ensure stable 

power output as well as detect impedance mismatch between amplifier and HIFU 

transducer. The transducer was fixed at the bottom of the tank, facing upward with its focus 

(maximum peak positive pressure) placed on the epicardium of either right or left ventricle 

of the heart preparation through the acoustic window (Fig. 1A). The HIFU focus was 

positioned at the targeted region by employing a pulse/echo method that detected the 

location of epicardium/air interface based on the time of flight of the echoes. Considering 

acoustic attenuation (~ 2 dB/cm·MHz in heart tissue (Azhari 2010)) and an acoustic 

travelling distance in the heart tissue (~ 1cm), the in situ pressures for a traveling wave 

would be pc = 4.4 – 5.5 MPa and pr = −2.8 – −3.3 MPa at the HIFU focus. Since the heart 

was placed sideways with one side of the heart surface slightly above the solution to allow 

IR imaging, the tissue/air interface in our experimental setup may result in reflection of the 

HIFU beam and affected the actual pressure field in situ. Thus we estimated that the in situ 

Isppa were 1344 – 2010 W/cm2.

The isolated heart was perfused and stained with a voltage-sensitive dye (VSD) di-4-

ANEPPS (Invitrogen) (10 μM) for 10 – 15 mins before optical mapping. The particular VSD 

are amphipathic molecules, which can bond to the membranes of myocytes and become 

fluorescent whereas the fluorescent intensities are proportional to the membrane potentials 

(Loew 1992). Because of their fast response to the changes of ambient electrical field, the 

APs of myocytes can be recorded via optical mapping, which used two green-filtered light-

emitting diodes (5G Illumination system, SciMedia USA) for excitation (~531 nm) and 

corresponding emission. Fluorescence signals were filtered (> 617 nm) and recorded using a 

CMOS camera system (MiCAM Ultima-L, SciMedia USA) at 1000 frames/s with a spatial 

resolution of 420 – 460 μm/pixel (100 × 100 pixels). Since the recorded optical signals are 

weighted summation of emitted fluorescence from cells within a tissue depth less than 200 

μm below the surface for rabbit hearts due to tissue absorption and photonic scattering 

(Knisley 1995), optical mapping measures the EP of cells in a superficial layer.
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The upper surface of the heart preparation was elevated slightly above the solution to allow 

IR imaging. The IR camera (Silver SC5600, FLIR) was confocally aligned with the CMOS 

camera to measure temperature at 50 frames/s and with a focal resolution of 85 μm in the 

same region of interest (ROI) on the epicardium (Fig. 1B) with optical mapping (Fig. 1C). 

The emissivity of the heart tissue was calibrated to be 0.86 prior to experiments using a 

black tape method (Madding 1999) which used a vinyl electrical tape (Scotch Super33+, 

3M) with a known emissivity of 0.95. Because of the temperature difference between the 

perfusate within the heart (37 °C) and air (23 °C), 2 °C temperature loss due to heat 

convection was observed and the baseline temperature of the heart was measured as 35 °C 

by IR imaging (Fig. 2B). However, no temperature compensation (e.g. constant +2 °C) was 

performed on IR imaging data as it might be inaccurate during HIFU heating process.

The CMOS and IR cameras were synchronized with HIFU via a FPGA board (Cyclone® II, 

Altera) to recode optical action potentials (OAPs) and surface temperature of the isolated 

heart during HIFU application.

Experimental Procedure

During experiment, the Langendorff-perfused rabbit heart was under its natural rhythm 

(sinus rhythm). To maximize the signal-noise-ratio for optical mapping, the excitation light 

was adjusted following 10 – 15 min equilibration, by setting the highest pixel intensity 

slightly higher than 80% of the saturation level over several cardiac cycles. Ten seconds 

tone-burst HIFU with in situ intensity varying from 1344 to 2010 W/cm2 was applied to the 

heart preparation. Such intensities were high enough to ensure lesion generation or EP 

changes while sufficiently low to avoid lifting epicardium out of the focus of optical 

mapping and IR imaging due to acoustic radiation force. After experiment, the heart was 

photographed (D5000, Nikon), stained with triphenyltetrazolium (TTC) (Sigma Aldrich) 

(Fishbein et al. 1981) where necrotic tissue was stained as white and viable tissue was in 

dark red. Gross tissue was then stored in 10% formalin solution for 48 hours, paraffin 

embedded, and sectioned at 100 μm step size across the region along the transmural 

direction. Masson’s trichrome (MT) staining was conducted on tissue sections and the 

stained slides were scanned with high resolution (CanoScan 8800F, Canon). HIFU-induced 

lesions were then identified from the images.

Image Processing and Data Analysis

IR images were scaled to the size of VSD images via bilinear interpolation. Each pair of 

optical-IR images was registered using a control point registration algorithm (Matlab v. 

2011b, Mathworks) (Figs. 1B – E). Multiple common identifiable feature points (8 to 10) on 

both images were picked and a projective transformation was performed to compensate the 

error induced by the angle differences between the two cameras.

Spatial averaging (3 × 3) and a zero-phase band-pass (0 – 100 Hz) filter were applied for 

spatiotemporal smoothing of the VSD images (Laughner et al. 2012a). The effects of photo 

bleaching were corrected using exponential, 2nd order polynomial, and linear fitting of the 

VSD baseline values prior, during, and after HIFU application respectively. OAPs were 

normalized from 0 to unity and AP amplitude (APA) was defined as the value between 
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OAPs peaks and resting potentials. Activation time was identified as the corresponding 

times when d(ΔF)/dt reached maximum within an individual cardiac cycle, where ΔF, or 

fractional fluorescence change, was the ratio between change of fluorescence signal 

intensity and the background fluorescence level. Activation maps were formed from the 

activation time at each pixel and conduction velocities (CVs) were derived as the spatial 

gradient of the activation map. AP duration at 50% repolarization (APD50) was defined as 

the duration between activation time and 50% peak APA value at repolarization. Changes in 

APA (ΔAPA), APD50 (ΔAPD50), and activation times (Δactivation) were calculated by 

subtracting the pre-HIFU baseline values.

To evaluate the HIFU energy deposition, thermal dose or specifically the cumulative 

equivalent minutes at 43 °C (denoted as CEM43) (Sapareto and Dewey 1984) was calculated 

as

(2)

where T̄ is the average temperature during time duration Δt, tfinal is the final time of 

exposure, R = 0.25 when the temperature is below 43 °C and R = 0.5 when the temperature 

is above 43 °C.

The HIFU lesion, as identified from images of TTC stained tissue specimens, was denoted 

as positive whereas non-lesion region was denoted as negative. Receiver-operating 

characteristic (ROC) analysis was performed on temperature and EP maps at t = 14 s (HIFU 

application was from 4 to 14 s) and CEM43 maps at t = 32 s to predict isotherms of lesion, 

APA changes, and APD50 changes. ROC curves were formed by comparing true positive 

rate (sensitivity) against false positive rate (1 – specificity) at all running thresholds and total 

area under curve (AUC) was used to assess the overall prediction performance. The optimal 

temperature threshold for generating lesion (lethal isotherm) was decided based on the best 

detection accuracy. Leave-one-out cross-validation was used to determine the variation of 

ROC AUC and optimal temperature thresholds.

Results were expressed as mean ± standard error of mean (SEM). One-way analysis-of-

variance (ANOVA) using the Tukey-Kramer test and paired Student-t test were performed 

for multiple group comparisons, with statistical significance defined as p < 0.05. Linear 

regression and F-test were conducted for testing linear correlation between parameters, and 

goodness-of-fit was assessed by the adjusted R2 and root mean square error (RMSE) of the 

residuals.

Results

Spatiotemporally Correlated IR Imaging and Optical Mapping

Figures 1B – E show an example of spatiotemporally registered IR imaging and optical 

mapping during HIFU ablation of the heart preparations. The IR image (Fig. 1C) was 
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projective transformed and registered with the VSD image (Fig. 1D). Figure 1E shows a 

composite image with IR image overlaid on the VSD image for ROI analysis.

Effect of HIFU on the OAPs Baseline

During HIFU ablation, IR imaging captured the spatiotemporal changes of tissue 

temperature (Figs. 2A – B), while a baseline drift of OAPs (thick line, Fig. 2C) appeared to 

be proportional to the temperature increases. The 2D maps of OAPs baseline (ΔB) within a 

ROI (17 × 17 pixels) surrounding the HIFU focus and the corresponding temperature 

changes (ΔT) were spatiotemporally correlated, especially during HIFU application (4 s – 14 

s) (Fig. 2D). The ratiometric maps (ΔB/ΔT) (bottom row in Fig. 2D) at given times were 

fairly uniform within the ROI when ΔT was greater than 5 °C, indicating a linear correlation 

between ΔB and ΔT in 2D space. Such linear correlation was confirmed through F-test, and 

the overall linear regression slope during HIFU heating was (29.91 ± 0.09) × 10−2 %/°C 

(adj. R2 = 0.78, 16 frames × 7 heart preparations) with RMSE being 0.27 %. However, linear 

regressions between ΔB and ΔT varied temporally (Fig. 2E) with the regression slope values 

increasing during HIFU application, especially at the beginning of HIFU exposure, 

suggesting a slow response of the baseline ΔB changes when ΔT was increasing. The ΔB–ΔT 

correlation was better during HIFU application (adj. R2 = 0.75 ± 0.04) than during post-

HIFU cooling period (adj. R2 < 0.5) (Fig. 2E) with smaller variations during heating (< 0.03 

%/°C) than during cooling (> 0.05 %/°C).

HIFU induced spatiotemporal EP and Temperature Changes

Two dimensional characteristics of cardiac EP including APA, APD, and AP triangulation 

(APD50/APD80) were quantified and spatiotemporally correlated with temperature/thermal 

dose changes during HIFU application, and temperature/thermal dose-dependent AP 

changes were derived in the end.

(1) Reversible EP Changes—At HIFU intensities Isppa = 1344 – 1660 W/cm2 and 10 s 

exposure, no tissue necrosis was observed in the heart preparations (n = 9) (Fig. 3A) while 

the peak temperature was below 50.1 ± 0.8 °C (45.0 ~ 56.6 °C) (n = 9) (Fig. 3D) and CEM43 

was less than 6.0 mins (log10(CEM43) = − 0.9 ± 0.3). HIFU has generated morphological 

changes on OAPs including AP amplitude reduction and shortening of AP duration (Figs. 

3B – C). After cessation of HIFU, the OAPs recovered instantaneously and the recovery was 

almost complete (to > 95% of the pre-HIFU level). Temperature was the highest at the HIFU 

focus, and its amplitude decreased radially at locations further away from the focus (Fig. 

3D). A slight asymmetric temperature distribution around the HIFU focus was sometimes 

observed, likely due to heterogeneous myocardial fiber orientation and microvasculature 

perfusion.

Corresponding to the radially decreased temperature distribution, spatial distribution of APA 

and APD50 reductions were observed surrounding the HIFU focus (Figs. 3E – F). Notably, 

the region of APA reduction was more localized than that of APD50 reduction. In addition, 

APA reduction outpaced APD50 reduction during HIFU application (Fig. 3G), and no 

significant disproportional APD changes (ΔAPD50/ΔAPD80) were observed (Fig. 3H), 

suggesting negligible AP triangulation and loss of plateau potentials in these cases. For 
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smaller temperature increases less than 50.1 ± 0.8 °C and CEM43 less than 6.0 mins, APA 

and APD changes along with activation distortion were reversible without tissue necrosis 

presented on MT stained histological slides; whereas the APA and activation changes appear 

to recover faster than APD50, suggesting a slower response for APD changes comparing 

with APA changes.

Furthermore, the activation isochrones were clustered when electrical wavefronts 

propagated across the HIFU focal region: the activation time was delayed by up to 5 ms, and 

CV increased by ~ 1.3 mm/ms within and surrounding the HIFU focus respectively (Figs. 

4A1 – C1).

(2) Irreversible EP Changes—At a higher HIFU intensity (e.g. Isppa = 2010 W/cm2), 

tissue necrosis or thermal lesions (Fig. 5A) were generated by HIFU application. Lesions 

were generally elliptical along the depth direction and circular in lateral direction, and the 

transmural cross-section areas were 5.95 ± 0.99 mm2, with axial depths of 3.55 ± 0.38 mm 

and lateral widths of 2.10 ± 0.14 mm (n = 6). APA and APD50 reduced by 32% and 52 ms 

respectively, as illustrated by the OAPs at representative locations in the HIFU focus 

(lesion) and surrounding tissue region (control) (Figs. 5B – C). Significant APD reduction 

and triangulation of OAPs morphology were observed (Fig. 5C) compared to the cases 

showing reversible EP changes without tissue necrosis (Fig. 3), indicating that plateau 

potentials of OAPs were significantly suppressed by HIFU ablation at higher intensity. After 

HIFU ablation (Fig. 5C, t = 31 s), APA recovered partially to only 73% of the pre-HIFU 

values, suggesting an irreversible loss of cellular excitability.

Compared to the reversible cases, increased HIFU intensity generated higher temperature 

increases in tissue where the peak temperature reached 66.4 ± 8.5 °C (52.1 ~ 84.9 °C) (Fig. 

5D) and peak CEM43 at t = 32 s was greater than 234.4 mins (log10(CEM43) = 4.2 ± 1.8). 

Steeper temperature gradients were seen compared with previous cases (Fig. 3), along with 

similar spatial distribution of temperature increases around the HIFU focus (Fig. 5D).

Unlike the reversible cases, the corresponding OAPs showed sustained changes of APA and 

APD50 after the cessation of HIFU (Figs. 5E – F). A more significant activation isochronal 

clustering and changes of CVs were seen as the electrical wave propagated across the lesion 

area (Figs. 4A2 – C2) where a typical activation delay “tail” often seen in single spot 

ablation was easily identified (Fig. 4C2). Local activation delay recovered slightly due to 

phone scattering from the peripheral recovered tissue. Similar to the reversible cases, the 

areas with APA changes were smaller than the areas with APD50 changes, while certain 

regions underwent only APD changes, suggesting a higher thermal sensitivity for APDs, 

which are affected by both cell-cell coupling and ion channels dynamics in AP plateau phase 

(Figs. 5E – F). This is consistent with previously reported result that APD50 has a lower 

thermal threshold (Nath et al. 1993). Different from the reversible cases, however, the 

changes of APA outpaced ΔAPD50 from the beginning of HIFU application (Fig. 5G) and 

significant AP triangulation (ΔAPD50/ΔAPD80) occurred around the HIFU focus when 

lesions were generated (Fig. 5H).
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Characteristics of EP Changes Corresponding to Temperature/Thermal Dose Changes

We categorized the HIFU ablation outcomes into two groups: the group with reversible EP 

change or damage (RD) (n = 9) without lesion formation (Fig. 3), and the group with 

irreversible EP damage (ID) (n = 6) and lesion formation (Fig. 5). The HIFU induced 

temperature and thermal dose increases in the ID group were significantly higher than those 

obtained in the RD group (Fig. 6A – B), with maximum temperatures (Tmax) being 50.1 ± 

0.8 °C vs. 66.4 ± 8.5 °C and CEM43 being below 6.0 mins vs. above 234.4 mins for the RD 

and ID, respectively. For both groups, ΔAPA and ΔAPD50 increased during HIFU heating 

(Figs. 6C – D). The APA eventually recovered after HIFU application for RD (− 0.05 ± 

0.01) whereas continued to be irreversible for ID (− 0.27 ± 0.04) with significant difference 

(p ≪ 0.05). However, ΔAPD50 were similar between both groups during HIFU heating, and 

their values after HIFU showed only slight difference (− 0.13 ± 0.02 vs. − 0.18 ± 0.03 for 

RD and ID respectively, p ≪ 0.05), suggesting HIFU induced APA changes were a better 

discriminant feature for determining EP and tissue reversibility.

Figure 7 demonstrates the temporal correlation between EP parameters and HIFU induced 

temperature and thermal dose changes, where the values of ΔAPA and ΔAPD50 within the 

HIFU focus for RD, ID, and control (normal tissue outside HIFU focus) were plotted against 

the corresponding temperatures and thermal dose. During HIFU heating, the absolute values 

of ΔAPA increased with increasing temperature (Fig. 7A). The increase was slow at lower 

temperature, but as temperature reached above 51°C, larger ΔAPA were induced and 

became irreversible (ID group). Similar dependence on CEM43 was also seen (Fig. 7C), and 

faster and larger increases of ΔAPA occurred when log10(CME43) was above −3.7. During 

post HIFU cooling (left arrows in Fig. 7A), ΔAPA recovered following the same trajectory 

as of HIFU heating with a fast initial recovery for the RD group, but continued to be 

irreversible for the ID group. APD50 however seemed to decrease linearly with the 

increasing temperature and CEM43 upon HIFU application (Fig. 7B and 7D). Compared 

with the APA dynamics which had a slower transition phase at the beginning, the 

instantaneity of APD50 reduction upon HIFU application suggests a lower thermal threshold 

for APD50 changes. The linear dependence of APD50 changes with temperature/CEM43 

indicates that the dominant effect for HIFU ablation in altering cardiac EP is thermal (Wu et 

al. 1999). As APD50 recovered for both groups, significant hysteresis phenomena between 

heating and cooling paths was observed for ID group (Fig. 7B), indicating a severe 

irreversible damages on cellular AP due to HIFU application.

Spatial Characteristics of EP Changes Associated with Lesions

For both reversible and irreversible cases in this study, we observed that the region with 

APA changes were significantly smaller than the region with APD50 changes (Figs. 3 and 

5). Profiles of temperature, CEM43, and AP parameters along the diameter of the HIFU 

focus (Fig. 8A – B) confirmed that temperature/CEM43 decreased with increasing distance 

from the HIFU focus where ΔAPA and ΔAPD50 were the largest (Fig. 8A and 8B). Sharper 

spatial gradient of ΔAPA was seen as compared to the gradient of ΔAPD50. Taking account 

of both EP and tissue physical changes, the HIFU ablated areas were characterized into three 

zones: lesion zone (e.g. r < 1.05 ± 0.07 mm) where tissue necrosis was present with 

significant reduction on both APA and APD50; transition zone (e.g. r < 2.00 ± 0.22 mm) 
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with no lesion but with detectable reductions of APA and APD50; and remote zone (e.g. r < 

3.79 ± 0.35 mm) where no tissue physical changes occurred but with apparent APD50 

reduction. Within each zone, different pathological characteristics can be seen (Fig. 8C): in 

the lesion zone (Fig. 8C2), hyper-eosinophilic (H&E) stained cells, which indicate thermally 

induced protein denaturation were observed, and cellular structures were incomplete with 

deranged myofibrils and enlarged interstitial spaces; in the transition zone or lesion border 

zone (Fig. 8C3), an inflammatory rim with a narrow condensed necrotic band (50 – 70 μm) 

were apparent with mason’s trichrome staining; in the remote zone (Fig. 8C4), cellular 

structure were intact without significant morphological changes.

By overlaying temperature and CEM43 maps on the binary masks derived from lesion image 

and at given EP thresholds, we determined isotherms of temperature and CEM43 for 

generating tissue necrosis, APA, and APD50 changes respectively using ROC analysis (Fig. 

9, Table 1). The masks of ΔAPA and ΔAPD50 were generated using threshold values of 

−0.08 and −0.10, which were significantly above the background noise level (−0.05 ± 0.03 

and −0.06 ± 0.04). The temperature isotherms were found to be 52.3 ± 1.4 °C, 42.2 ± 0.3 °C, 

and 39.1 ± 0.1 °C for generating lesions, ΔAPA, and ΔAPD50 respectively. Corresponding 

thresholds for log10(CEM43) were 2.16 ± 0.51, −5.3 ± 0.13, and −6.73 ± 0.06. The isotherms 

for ΔAPD50 are lower than the isotherms for ΔAPA, suggesting APD50 is more thermally 

sensitive and the ion channels and pumps governing cellular plateau potentials have lower 

temperature thresholds than the ones provoking cellular action potentials.

Heat Conduction by Vessel Affected HIFU Ablation

Blood flow has been known to affect thermal ablation by acting as a “heat sink” which 

conducts heat away (Fuller and Wood 2003; Haines 1993). In this study, we investigated the 

effect of perfusion in HIFU ablation as well when the HIFU focus was near a lateral anterior 

descending (LAD) coronary artery (Fig. 10A, diagonal branch) and intensity was set at 2010 

W/cm2, same as that used for generating lesion. However, no tissue necrosis was generated 

in these experiments and reversible EP changes were observed instead (n = 7).

It was clearly shown on IR imaging that the heat was conducted away from the target zone 

by perfusion of the LAD coronary artery (the “tail” near the upper left of ablation zone 

[arrow] in Fig. 10B). The maximum temperature (Tmax) achieved was less than 51.1 ± 1.4 

°C (n = 7), significantly lower than the temperature obtained for the ID group (66.4 ± 8.5 

°C). No tissue necrosis was detected, and changes of APA and APD50 were both transient 

(Figs. 10C – D).

Histological examination further illustrated the effect of vessel perfusion on HIFU ablation. 

Figures 10F – G show an example different from Figs. 10A – D with a LAD coronary artery 

in the center of the HIFU axial beam on a lesion specimen. After MT staining, viable 

cardiomyocytes were observed surrounding the LAD coronary artery possibly because of 

heat conduction by the artery during HIFU ablation. Compared with the case when LAD 

coronary artery was outside the HIFU beam (Fig. 10E), an asymmetric lesion along the 

HIFU beam was formed (Fig. 10F).
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Discussion

We conducted spatiotemporally correlated optical mapping of cardiac EP and IR imaging of 

temperature and thermal dose during HIFU ablation to investigate how EP changes were 

affected by HIFU induced temperature changes and tissue necrosis. The major findings of 

this study are that (1) HIFU induced EP changes included temperature/thermal dose-

dependent reduction of APA, shortening of APD, activation delay, and increases of 

conduction velocities around HIFU focus; (2) tissue EP changes were mostly reversible with 

temperature increases below 50.1 ± 0.8 °C and log10(CEM43) less than − 0.9 ± 0.3; (3) 

irreversible EP changes along with tissue necrosis occurred as HIFU-induced temperature 

was above 52.3 ± 1.4 °C and log10(CEM43) greater than 2.16 ± 0.51; (4) APD50 was more 

thermally sensitive than APA, and APA decreased nonlinearly whereas APD50 decreased 

linearly with temperature increases during HIFU application; (5) HIFU-ablated regions 

could be characterized into three zones with different tissue histological and EP properties; 

and (6) OAP baseline drifts were linearly correlated with HIFU induced temperature 

increases. We also showed the effect of vessel perfusion cooling on EP and temperature 

during HIFU ablation.

Spatiotemporal IR imaging and optical mapping

Direct temperature measurement traditionally relies on the use of thermocouples. However, 

insertion of thermocouples into tissue is not always convenient and feasible, particularly for 

HIFU ablation as they may interrupt the acoustic field. It is also potentially inaccurate to 

directly extrapolate one-dimensional temperature measures attained by thermistors at 

discrete locations into two-dimensional space (2D). The thermocouples themselves may 

introduce errors in temperature measurements by creating a “heat sink” effect via thermal 

conduction and “viscous heating” as well (Rivens et al. 2007). Several recent studies 

investigated infrared imaging as a novel tool to measure ultrasound field and beam 

intensities (Giridhar et al. 2012; Khokhlova et al. 2013). In this study, we employed IR 

thermometry allowing us directly measure the temperature changes in 2D space 

continuously in a noncontact fashion with high spatiotemporal (< 100 μm, 50 Hz) resolution 

that is not possible using individual thermistors (Fig. 1), and thermal dose information can 

be obtained by using the recorded temporal history of temperature. Moreover, due to 

spectrum similarity (infrared vs. near-infrared VSD emission), both IR imaging and optical 

mapping measure signals from the same tissue layers (e.g. epicardium and sub-epicardium, 

IR < 50 μm vs. optical mapping for 200 μm), therefore providing a well-suited combination 

to obtain temperature maps that can be spatiotemporally correlated with OAP signals. These 

measurements were obtained at the tissue surface and do not necessarily represent the effect 

of HIFU deep within the tissue. Nevertheless, it is expected that the EP changes in deep 

tissue be also correlated to the HIFU induced temperature increases there. In a recent study, 

by using an iterative finite-element method, Yin et al. successfully reconstructed the 

temperature changes induced by HIFU within the subsurface 3D volume using the 

spatiotemporal IR thermography (Knisley 1995).

The characteristics of epicardial EP could be different than EP within mid- and 

endocardium. For example, the APD50 is longest at endocardium but shortest at epicardium. 
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However, our previous work demonstrated that the changes of APD50 across the depth 

direction of myocardium during HIFU ablation were similar (Wu et al. 2013), suggesting the 

temperature-EP correlation derived from the surface measurement can still be applicable for 

subsurface condition. Nevertheless, the surface measurements in this study where the EP 

and temperatures were obtained from the same tissue layer can be correlated.

OAP Baseline Changes Measured during RF Ablation

Wu et al. observed the OAP baseline shifts during RF ablation (Wu et al. 1999), however 

the baseline changes can be prone to artifacts due to tissue-probe contact and movement of 

the RF electrodes, and therefore have not been quantitatively investigated. In our study, 

since HIFU ablation was performed without tissue contact, the OAP baseline drift was most 

likely introduced by HIFU generated temperature changes (Fig. 2). Using high-resolution IR 

thermography and optical mapping, we quantitatively correlated the OAP baseline drift with 

temperature for the first time. Since the observed increase in OAP baseline corresponds to a 

decrease in the total fluorescence, we speculate that the reduced fluorescence stems from 

three sources: (1) thermal response of the dye because the excitation spectrum shift of the 

VSD is temperature dependent (Clarke and Kane 1997), (2) changes in tissue properties (e.g. 

membrane fluidity) which can affect dye-membrane binding process, and (3) temperature-

induced changes in the resting membrane potentials (RMP) due to HIFU exposure. Nath et 

al. demonstrated that the RMP was sigmoidally correlated with temperature increases (Nath 

et al. 1993). In our study, the correlation between OAP baseline and temperature during 

HIFU heating was linear (Figs. 2D – E), suggesting the RMP increases were not the only 

cause of the OAP baseline drift. Jin et al. observed that the fluorescence of a similar di-4-

ANEP dye can be affected by the membrane status, which became liquid-disordered above a 

transition temperature and solid phase below that temperature (Jin et al. 2006). In our 

experiments, the membrane phospholipids of the myocytes may become more fluid-like 

when the temperature crossed certain threshold, and caused the baseline fluorescence drift. 

Overall, the three mechanisms could all contribute to the drift of OAP baseline and cannot 

be studied in isolation under our current setup. Determining the exact mechanisms causing 

the fluorescence baseline shift can help us better interpret the measured fluorescence signals 

of optical mapping and exclude other confounding factors such as electrical effect.

EP Characteristics Correlated with Temperature and Thermal Dose

Significant EP changes including APA reduction, APD shortening, and increases of 

conduction time have been observed previously in hyperthermia, RF, and microwave 

ablation (Nath et al. 1993; Whayne et al. 1994; Wood and Fuller 2002). In this study, we 

observed similar EP responses induced by HIFU ablation with more spatiotemporal details, 

and the dynamics of EP changes were quantitatively investigated and correlated with 2D 

temperature and thermal dose for the first time. While our results are generally consistent 

with previous studies, several new findings are noted due to the advancements of the IR 

thermography and optical mapping technologies.

Reduction of APA was previously observed to be linearly dependent on temperature 

between 37.0 °C and 49.9 °C with a low coefficient of determination (Pearson’s r value = 

0.54) (Nath et al. 1993). Alternatively, our results showed that APA decreased nonlinearly 
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with HIFU induced temperature rises (Fig. 7A), with ΔAPA/ΔT being increasing during 

HIFU application. The nonlinearity was more apparent between ΔAPA and thermal dose 

(log10(CEM43)). A significant APA reduction occurred at the temperature threshold around 

42 °C on the ΔAPA-T curve (Fig. 7A) and at thermal dose threshold around −5 on the 

ΔAPA/log10(CEM43) curve (Fig. 7C), where APA reduced by only 5% below the thresholds 

but reduced by greater than 25% when above the thresholds. Using ROC analysis, we 

calculated the temperature threshold for generating significant APA changes to be ≥ 42.7 ± 

0.1 °C, consistent with earlier results (42.7 °C ~ 51.8 °C) (Nath et al. 1993). For the first 

time, the thermal dose threshold (log10(CEM43)) for causing significant APA changes was 

calculated to be greater than −5.30 ± 0.13. Since APA changes are predominantly affected 

by the kinetics of sodium ion channels, the slight APA reduction at the early stage is likely 

due to the changes in diffusion rate of sodium upon HIFU induced temperature increases, 

whereas multiple effects including rises of RMP, blocking of fast sodium channels (Wu et 

al. 2013), and structural changes of cellular membrane (Jin et al. 2006) were potentially 

involved when temperature was further increased by HIFU and drastic APA reduction 

occurred.

Shortening of APD was previously observed to be linearly dependent on temperature for 

hyperthermia (Pearson’s r < 0.5) (Nath et al. 1993). Wu et al. reported a nonlinear reduction 

of APD80 during RF ablation with significant ΔAPD80/T changes at the beginning of RF 

application and slight ΔAPD80/T changes later. The damaging and recovering phases of 

APD80 followed a counterclockwise hysteretic loop on the ΔAPD80–T curve and they 

discovered that such hysteresis behavior suggested a combined electrotonic and thermal 

effects for RF ablation (Wu et al. 1999). In our study, however, the ΔAPD50–T curve 

appeared to be more linear throughout HIFU application, and the relationship was similar to 

the results using a direct heating element by Wu et al., indicating that HIFU ablation was 

primarily thermal mediated and the likelihood of interferences from ultrasound radiation 

force and cavitation was small. Instead of a counterclockwise hysteresis, a clockwise 

damaging-recovery hysteretic sequence during and after HIFU application (Fig. 7B) was 

seen in our study. Ideally when no tissue injury was generated, the ΔAPD50–T curve during 

heating and cooling periods should be overlapping or parallel. However, Fig. 7B suggested 

that the temperature cooling outpaced the recovery of APD50 after HIFU application (left 

pointed arrows), resulting in a separation between damaging and recovering curves. The 

non-parallel separation between heating and cooling suggested that EP properties and cell 

functions were transiently impaired by HIFU as the peak temperature approached 50 °C. 

Such transient injuries may have led to a slower post-HIFU APD50 recovery and caused the 

phenotyping clockwise hysteresis. Moreover, the separation between heating and cooling 

periods was large for irreversible (ID) cases whereas small for reversible (RD) cases, 

providing a potential assessment of the degree of tissue injury.

Another important finding was that the region with ΔAPD50 extended far beyond the HIFU 

focus while the region with ΔAPA was more confined surrounding the focus (Fig. 3 and Fig. 

5), suggesting a higher thermal sensitivity for APD50 and a higher thermo-tolerance for 

APA. As discussed earlier, the reduction of APA and thermal thresholding effects on APA 

could be a combined effects of changing in RMP, inactivation of fast sodium channels, and 
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membrane fluidity, while the shortening of APD and early diminishment of plateau phase is 

most likely due to the unbalanced calcium and potassium channel kinetics. Calcium channel 

blockers such as nisoldipine were previously shown to be capable of shortening the effective 

refractory period (ERP) or APD (Azhari 2010), we therefore hypothesize that HIFU induced 

temperature increases may have impaired both Ca2+ and K+ channels and cause the 

excessive potassium efflux against calcium influx, leading to the shortened APD50. This 

assumption can be confirmed by the work of Puglisi et al., who demonstrated temperature 

increases from 25 °C to 35 °C can cause rapid inactivation of L-type calcium channels and 

abbreviate the APD (Puglisi et al. 1999). In the current study, we also found the temperature 

threshold for generating significant APD50 change to be ≥ 39.6 ± 0.1°C (ROC AUC = 0.67 

± 0.06), which was greatly lower than the temperature threshold for causing APA changes 

(42.7 ± 0.1 °C, p < 0.05) (Fig. 8 and Fig. 9, Table 1). This suggests that a lower temperature 

threshold may exist for deactivating Ca2+ and K+ channels as compared to affecting Na+ 

channels. However, further validations using absolute EP measurements are needed to 

confirm our hypothesis.

Previous studies of HIFU cardiac ablation primarily focused on the correlations between 

acoustic parameters (i.e. acoustic intensity, duty cycle, and pulse-repetition-frequency) and 

tissue necrosis alone (Engel et al. 2006; Okumura et al. 2008; Villamizar et al. 2010). A 

temperature of ≥ 50 °C is often used to ensure permanent tissue physical damage. Another 

lesion assessment metric, the thermal dose, is also employed and calculated as the 

cumulative equivalent minutes at 43 °C (CEM43) which captures the time history of 

temperature changes or total thermal energy deposition. In a recent study using infrared 

thermography, our group directly attained the critical value of CEM43 for generating 

permanent tissue necrosis to be 170 min under HIFU ablation in ex vivo porcine 

myocardium (Zhou et al. 2006). Along with tissue necrosis, EP characteristics is critically 

important for HIFU ablation in treating cardiac arrhythmias. Temperature criterions 

corresponding to EP changes may provide information that are more relevant for devising 

strategies to optimize HIFU ablation to avoid recurrence of conduction in atrial fibrillation 

therapy (Laughner et al. 2012b; Oral et al. 2002). In general, thermal dose, as the 

accumulative effects of temperature may provide a better metric for evaluating thermal 

ablation outcome. For our specific experiments, the correlation of temperature and thermal 

dose with EP changes are similar during HIFU ablation (Fig. 7). In this study, using 

simultaneous IR-EP mapping system, we categorized the HIFU ablation outcomes into 

reversible and irreversible groups by considering both tissue physical and EP changes 

including APA and APD, and obtained the lethal isotherm of temperature to be above 52.3 ± 

1.4 °C (n = 5), in closer agreement with previous results using RF (Nath et al. 1993; Whayne 

et al. 1994), and thermal dose (log10(CEM43)) isotherm to be above 2.16 ± 0.51 (n = 5). We 

also found that the EP changes, especially activation pattern and conduction velocities (Figs. 

4A1 – C1), could be transiently reformed for up to 30 s but still be reversible when HIFU 

induced temperature was 50.1 ± 0.8 °C. This provides an opportunity of using HIFU as a 

pre-ablation testing metric (similar to cryomapping used in clinical (Liu et al. 2006)) to 

pinpoint the desired ablation sites and temporarily change the tissue conduction prior to 

permanent ablation. However, Figs. 4A2 – C2 did not show complete electrical conduction 

block for irreversible cases, and the reasons for such non-sustained conduction block 
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included optical photon “bleed-over” from adjacent pixels, and AP propagation surrounding 

and through the gaps of the non-transmural lesions.

Using 2D IR-EP imaging, we observed radially decreased distributions of temperature, 

APA, and APD around the coagulated tissue (Fig. 8), similar to RF and microwave ablation 

(Whayne et al. 1994; Wu et al. 1999). HIFU ablated areas were further categorized into 

three zones: lesion, transition and remote zones, based on tissue physical and EP changes, 

and different histological changes within each zone were identified. However, within the 

transition zone, we only observed a narrow band of inflammations (50 – 70 μm) using MT 

staining while Nath et al. observed damages of plasma membrane, mitochondria, gap 

junctions, and microvasculatures as well as reduction of blood flow surrounding the RF 

lesion using electron microscopy (Nath et al. 1994a; Nath et al. 1994b). It is important to 

know that tissue within the lesion peripheral will experience either apoptosis or self-healing, 

which may explain some of the delayed conduction blocks or recurrence of conduction 

observed in clinical (Ouyang et al. 2005). Wood et al. further elucidated that the acute peri-

lesional EP changes induced by RF ablation would eventually resolve in 22 ± 13 days 

(Wood and Fuller 2002). Therefore, we believe the APA and APD abnormalities within the 

transition zone observed in our study were likely to recover in a long term.

Perfusion-related Heat Loss during HIFU Ablation

The “heat sink” effect due to major blood vessel has been documented for RF ablation. 

Especially for ablation at the mitral isthmus (MI), 42 % patients showed unsuccessful MI 

block when ablation was performed close to a coronary artery (Kurotobi et al. 2011). HIFU 

induced heating can also be conducted away by blood perfusion in treating liver tumors, 

thereby more HIFU energy was needed to achieve desired ablation volume (Jiang et al. 

2013). The efficacy of HIFU ablation close to blood vessels may depend on the diameter of 

the vessel and the flow rate of the blood perfusion. Using IR thermography, we directly 

observed heat loss by coronary artery flow and the resultant asymmetric lesion geometry 

during HIFU cardiac ablation (Fig. 10). However, no significant EP damage along the LAD 

coronary artery was generated by HIFU. Perivascular viable tissue was obtained 

pathologically and may help explain the effect associated with incomplete lesion line in 

HIFU ablation (Laughner et al. 2012b) and recurrence of AF in clinical settings (Kurotobi et 

al. 2011). Geometric narrowing of lesion towards the epicardium was observed for most 

HIFU lesions, which can be the result of arterial flow and superfusion.

Limitations

A Langendorff-perfused rabbit heart model was used in this study, thus results may vary for 

other species and differ from in vivo condition. The excitation-contraction decoupler (BDM) 

may affect the normal ion channel properties. In addition, continuous light illumination can 

weaken BDM and cause photo bleaching of the VSD, affecting the accuracy of the OAP 

measurement. Although we corrected photobleaching using curve fittings, a dual-

wavelength ratiometric method may be more precise. Finally, both optical mapping and IR 

imaging are technically limited to epicardial measurements due to light absorption across 

tissue thickness.
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Conclusions

HIFU ablation generates cardiac tissue changes accompanied by changes in myocardial EP 

with different spatiotemporal characteristics, including reversible and irreversible reduction 

of APA, shortening of APD50, delayed activation, and distortions of activation patterns. 

Temperature and thermal dose criterions can provide important information regarding 

reversible and irreversible tissue and EP changes. APD50 was found to be more thermally 

sensitive than APA, suggesting cardiac AP plateau potentials were more thermal vulnerable 

than cellular excitabilities. Isotherms of temperature and corresponding thermal doses were 

determined for generating lesion, APA changes, and APD shortening. Major vessels related 

to the “heat sink” effect can also compromise the efficacy of HIFU ablation. These results 

may provide guidance to ensure persistent and meaningful EP changes and conduction block 

desired for clinical HIFU cardiac ablation procedures.
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Figure 1. Experimental setup and image registration
(A) Schematic diagram: infrared (IR) camera for temperature imaging and high-speed 

fluorescence CMOS camera for optical mapping of electrophysiology are confocally aligned 

focusing at the upper epicardium of the rabbit heart preparation. The HIFU transducer at the 

bottom of the tissue chamber is facing upwards with its focus at the upper myocardium 

within the field-of-view of the two cameras. The heart is mostly submersed in the perfusion 

and superfusion system with only portion of the upper epicardium above the solution to 

permit IR imaging. (B) Photograph of a rabbit heart preparation. (C) Corresponding infrared 

(IR) image during HIFU ablation (t = 14 s). (D) Background image of optical mapping. (E) 

Overlaid image of projective transformed IR and optical mapping image based on physical 

landmarks (e.g. atrial-ventricular groove). RA = Right Atrium; LA = Left Atrium; RV = 

Right Ventricle; LV = Left Ventricle; AIVS = Anterior Inter-Ventricular Sulcus.
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Figure 2. Changes of optical action potentials (OAPs) baseline and temperature, and their 
correlation
(A) Temperature map from infrared (IR) imaging at t = 14.5 s. (B) A representative 

temperature trace at asterisk labeled location within HIFU focus in (A) with maximum 

temperature rise in the region-of-interest (ROI). (C) Corresponding OAPs trace at the same 

location in (A) with each “spikes” corresponding to single cardiac cycle. The bold line 

highlights the baseline of fractional fluorescence signal (ΔF). HIFU was on from 4 s to 14 s 

(shaded area). The inset shows an enlarged version of two OAPs. (D) Maps of temperature 

changes (ΔT) and corresponding OAP baseline changes (ΔB) in the ROI in white dashed box 

in (A). Ratiometric map of ΔB/ΔT at corresponding times (bottom). HIFU was applied from 

4 s to 14 s. (E) Linear regression slope ( ) for paired ΔB–ΔT frames and adjusted R2 

as function of time (n = 7). HIFU is applied in situ during the shaded period.

Wu et al. Page 20

Ultrasound Med Biol. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Example of a reversible ablation case
(A) Photograph of a gross rabbit heart. (B) Background image of optical mapping of the 

same heart with region-of-interest (ROI) encircled by the dashed line. (C) Superimposed 

normalized single OAPs in the HIFU focus and outside in the control region at asterisks 

labeled location in (B) at t = 2 s, 8 s, 13 s, and 32 s. (D) Temperature maps in the ROI 

displayed in (B) at indicated time with HIFU application on from 4 s to 14 s. (E) Maps of 

APA changes (ΔAPA) in the same ROI. (F) Maps of APD50 changes (ΔAPD50). (G) Maps 

of ΔAPA/ΔAPD50 in the smaller ROI of box in (D). (H) Maps of ΔAPD50/ΔAPD80 in the 

same ROI.
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Figure 4. Activation changes for reversible and irreversible cases
(A) Activation map prior, during, and post HIFU ablation for reversible damage (A1, RD) at 

t = 1.2 s and 13.5 s, and for irreversible damage (A2, ID) at t = 1.7 s and 13.7 s. Isochrones 

are separated at 1 ms step size. (B) Maps of conduction velocity (CV) within the box labeled 

smaller ROI in (A) for RD (B1) and ID (B2). Arrows point the direction of electrical 

conduction and their lengths represent corresponding magnitudes of CV. (C) Maps of 

activation delay derived by subtracting activation maps from their pre-HIFU state for RD 

(C1) and ID (C2).
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Figure 5. Example of an irreversible ablation case
(A) Photograph of gross heart with region-of-interest (ROI) encircled by the dash line. The 

enlarged area in the box shows TTC stained tissue specimen with lesion in the middle 

(dashed line). The inset shows a tissue cross-section stained with Masson’s trichrome with 

lesion indicated by the dashed line. (B) Background image of optical mapping of the same 

heart with the same ROI in (A) encircled by the dash line. (C) Superimposed normalized 

single OAPs in the HIFU lesion and outside in the control region at the asterisks labeled 

locations in (B) at t = 2 s, 9 s, 13s, and 31 s. (D) Temperature maps in the smaller ROI in (A, 

box region) at indicated time with HIFU on from 4 s to 14 s. (E) Maps of APA changes 

(ΔAPA) in the large ROI displayed in (A). (F) Maps of APD50 changes (ΔAPD50) in the 

same ROI. (G) Maps of ΔAPA/ΔAPD50 in the smaller ROI of the box in (E). (H) Maps of 

ΔAPD50/ΔAPD80 in the same ROI.
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Figure 6. Temporal traces of temperature and EP parameters
Statistical progression of (A) temperature, (B) logarithmic CEM43 (log10(CEM43)), (C) 

ΔAPA, and (D) ΔAPD50 for reversible damage (RD) and irreversible damage (ID) in the 

center of HIFU focus as well as control (Ctrl, normal tissue). Plots are presented as mean ± 

SEM. HIFU was on from 4 s to 14 s.
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Figure 7. Correlation between EP parameters and temperature
(A) ΔAPA vs. temperature, (B) ΔAPD50 vs. temperature, (C) ΔAPA vs. log10(CEM43), and 

(D) ΔAPD50 vs. log10(CEM43) for RD, ID, and Ctrl (control) during and after HIFU 

application. Arrows indicate the direction of the temporal trends (damaging and recovery) 

for each parameter. Data are presented as mean ± SEM.
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Figure 8. Spatial characteristics of lesion and AP changes
(A) Radial profiles of ΔAPA, ΔAPD50, and temperature for reversible (A1, n = 9) and 

irreversible (A2, n = 5) cases. (B) Radial profiles of ΔAPA, ΔAPD50, and log10(CEM43) for 

reversible (B1) and irreversible (B2) cases. Lesion region is indicated by double arrows. 

Reversible cases are on the left column and irreversible cases are on the right. (C1) An 

example of TTC stained lesion with lesion edge encircled by dashed line. (C2) Masson’s 

trichrome (MT) stained slide (20 X) within lesion. (C3) MT slide of lesion border. (C4) MT 

slide of normal tissue outside lesion. (C2 – C4) are MT slides for the lesion in (C1).
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Figure 9. Receiver operating characteristic (ROC) analysis of determining isotherms of 
temperature and thermal doses for APA, APD50, and Lesion
Individual ROC curves (thin) and averaged ROC curve (bold) of temperature isotherms for 

predicting (A) ΔAPA < −0.1, (B) ΔAPD50 < −0.12, and (C) lesion. ROC curves of thermal 

dose isotherms for predicting (D) ΔAPA < −0.1, (E) ΔAPD50 < −0.12, and (F) lesion.
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Figure 10. Convective heat loss due to perfusion
(A) Photograph of a gross heart with region-of-interest (ROI) encircled by dashed line. The 

diagonal branch of a lateral anterior descending (LAD) coronary artery is highlighted by an 

arrow. (B) IR images during (6.6, 8.7, 10.8, and 13.8 s) and after (16.3, 18.8, and 20.6 s) 

HIFU ablation with convective heat loss indicated by arrows within the ROI in (A). (C) 

Corresponding APA changes. (D) Changes of APD50. (E) An example of masson’s 

trichrome (MT) stained lesion with LAD coronary artery aside from the HIFU axial beam. 

(F) MT slide of a HIFU lesion with LAD coronary artery within the field of HIFU beam. 

HIFU ablation was applied along the bold arrow direction for both (E) and (F). (G) 

Magnified image (5X) of ROI of the dashed box in (F). Lesion was stained as dark purple 

while viable tissue was dark red.

Wu et al. Page 28

Ultrasound Med Biol. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wu et al. Page 29

Table 1

Area Under the Curve (AUC) values and thresholds of temperature and thermal dose (log10(CEM43)) for 

generating lesion, APA loss, and APD50 loss in HIFU ablation. Results were derived using receiver-operating 

characteristic (ROC) curve analysis on a pixel-by-pixel basis.

Temperature log10(CEM43)

AUC Threshold (°C) AUC Threshold

Lesion (n = 5) 0.84 ± 0.11 52.3 ± 1.4 0.86 ± 0.12 2.16 ± 0.51

ΔAPA (n = 7) 0.72 ± 0.11 42.7 ± 0.1 0.64 ± 0.16 −5.30 ± 0.13

ΔAPD50 (n = 7) 0.67 ± 0.06 39.1 ± 0.1 0.75 ± 0.05 −6.73 ± 0.06
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